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ABSTRACT

ESTABLISHING THE RELATIVE COMPOSITION OF FUNCTIONALIZED THIOLS
IN MIXED LIGAND GOLD NANOPARTICLES BY 1H-NMR SPECTROSCOPY

By Matthias Gabriel Carroll

June 2022

Functionalized gold nanoparticles (AuNPs) are of interest for their optical and electrical
properties, specifically the surface plasmon resonance phenomenon and potential applications for
medicine and nano-circuitry. In this study, the ligand composition of small (~5 nm diameter)
thiol functionalized AuNPs with mixed ligand monolayers was investigated to better understand
how the molar feed ratio of ligands used during their synthesis influences the composition of
ligands on the particle’s surface. The system under study was a combination of two ωfunctionalized thiols, mercapto ethoxy ethoxy ethanol (MEEE) and mercapto pentyl trimethyl
ammonium chloride (MPTMA). UV/Visible spectrophotometry, dynamic light scattering, and
electron microscopy were utilized to determine particle size, while 1H-NMR and FTIR
spectroscopy were used to characterize monolayer composition and surface chemistry. Alkyl
halide ligand precursors were analyzed via 1H-NMR to generate a signal response factor.
Furthermore, the gold cores were digested with iodine to better elucidate the ligand composition
without baseline broadening which accompanies metal nanoparticles. 1H-NMR data suggests that
the distribution of functionalized thiols on the AuNP surface is not indicative of ligand feed ratio
stoichiometry, that 10 mole % MEEE reagent is over-represented and comprises 63.66 ± 0.45%
(0.71% RSD) of the mixed ligand monolayer.
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CHAPTER I
INTRODUCTION
Gold nanoparticles (AuNPs) are aqueous (water-soluble) clusters of gold atoms
having one or more dimension(s) less than 100nm. Gold nanoparticle solutions are
colloids; if made properly they are stable and settle out of solution slowly. At its core, a
metal is a conductor with delocalized electrons. One unique size-dependent property of
AuNPs, called surface plasmon resonance (SPR, sometimes the prefix localized is added
for LSPR), is the ability to absorb a specific wavelength of electromagnetic radiation.1
This energy is imparted as excited electrons proceeding about the particle’s surface in a
sort of standing wave corona,1 eventually dissipating as localized heat. Common
applications of metal nanoparticle plasmonics include biomedical applications such as
photothermal therapy (PTT) wherein AuNPs are taken up by a cancerous mass and
irradiated. The energy absorbed by the particles is then lost as localized heat, leading to
breakdown (hyperthermia) of a tumor.2 Hyperthermia is advantageous compared to
traditional tumor remediation such as invasive surgery (which raises the odds of
metastasis) or chemotherapy which is not truly tumor-targeting and often debilitating to
the patient.
The SPR wavelength (λmax), inversely proportional to energy, of the radiation
absorbed is related to the size of the particle. Larger particles absorb lower energy, longer
wavelength light whereas smaller particles absorb higher energy light. Additionally,
larger particles will display greater absorbance at the same wavelengths than their smaller
counterparts.3 There exists a finite range of absorbance for AuNPs, in general, AuNPs
can manifest no plasmon with a λ < 500 nm no matter how small the particle, and
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anisotropic geometries like rods with two aspect ratios have two unique SPR absorbances
based on the dimensions of length and width.1 Longer, infrared, and near-infrared
wavelengths are ideal for PTT because they can penetrate the skin deeper.4
Because a red-shift of the SPR occurs with changing dielectric environment
around the particle, AuNPs often drive applications such as antigen sensing in highthroughput screening. If an AuNP is functionalized with an antibody, when the requisite
antigen binds there will be a corresponding shift in SPR.5 Other sensing applications
include Surface Enhanced Raman Spectroscopy (SERS) where the AuNPs amplify the
signal.6 Raman spectroscopy involves measuring inelastic scattering of photons by an
analyte, the change in energy of the photon is due to vibrational absorbance of the
molecule, and this can be used as a fingerprint to identify trace impurities. The dilemma
with Raman spectroscopy is that Raman scattering is statistically very infrequent,
however, metal substrates, particularly nanoscale metal particles, have been shown to
magnify the signal orders of magnitude.
Spherical AuNPs absorb (and scatter) visible light best in the region of ~520 nm
corresponding to green light. Removing green from full-spectrum, white light means that
aqueous AuNP solutions generally appear red. One prominent historical example in
which gold nanoparticles’ absorbance behavior can be seen is the Lycurgus cup (Figure
1-1), a glass goblet of Roman origin (circa 300 A.D.). In the glass making up the goblet,
the absorbance behavior of both silver and gold can be clearly seen with the naked eye.
AuNPs, AgNPs, and Au:Ag alloy NPs have been imbued in the matrix of the glass. This
goblet thus demonstrates differential absorbance features. When light passes through the

2

material, ~520 nm light is absorbed and the cup appears red, whereas reflected or
scattered light appears green.

Figure 1-1: Ultraviolet/visible (UV/Vis) absorbance spectrum of 5 nm mercapto pentyl trimethyl
ammonium (MPTMA) particles showing SPR at 516nm, inset: Lycurgus cup circa 300 AD.

As the optical properties of AuNPs illustrate, precise control of NP properties is
achieved by controlling the physiochemical properties of a nanoparticle (core size, core
shape, and surface chemistry, as seen in figure 1-2). Core size is defined as the diameter
of the gold core (dcore), which does not include the organic molecules bound to the NP
surface (capping agent) nor any tightly absorbed ions or water molecules (hydration
sphere) that would be associated with the NP in solution. Shape (also known as core
geometry) describes the aspect ratio, is the core roughly spherical, is one axis
considerably longer than the other? The surface chemistry represents the collective
chemical properties of the capping agents. Many ligands are functionalized thiols, where
the gold-sulfur bond connects the ligand with the gold core, but the terminal end (which
3

we denote as omega, ω) can have any number of chemical moieties varying in hydrogen
bonding, size, and charge.

Figure 1-2: Schematic illustration of a gold nanoparticle depicting core diameter and
homogeneous surface chemistry.

The size-dependent properties of gold nanoparticles can be controlled by
engineering core geometry and surface chemistry via synthesis. Depending on growing
conditions, AuNPs can be synthesized in a variety of shapes: 5 nm spheres, 60x15 nm
rods, as well as more complex geometries like star-shaped clusters and ‘rattles’ where a
gold sphere inhabits the inside of a porous gold shell.7 Spherical particles are the most
common geometry, however rods,8 triangles9 and cubes10 are increasingly popular. Many
pioneering research groups in the early 2000’s (such as the Murphy, El-Sayed, and
Mulvaney groups) developed an approach to gold nanorods (AuNRs) by reducing gold3+
to gold+ with ascorbic acid, then introducing citrate capped AuNPs catalyzed by Ag+ ions
from silver nitrate and stabilized by CTAB, a surfactant.8,11–13
The synthesis of gold nanoparticles is typically accomplished using a wet
chemistry ‘bottom up’ approach. While milling or ablating elemental gold into nano-scale
powder is conceptually possible, top-down synthesis is typically energy-intensive and
leads to a wide variety of crystal shapes and sizes covering orders of magnitude. Instead,
4

AuNPs are grown from nanoscale crystals in solution, by reducing gold ions from a
solution of hydrogen tetrachloroaurate (HAuCl4) where gold exists as Au3+ into elemental
gold, Au0. The three electrons per gold atom necessary for reduction come from a weak
reducing agent such as sodium citrate (Na3C6H5O7) or sodium borohydride (NaBH4). To
prevent gold atoms from aggregating together as a dense, metallic powder, an additional
molecule, known as a capping agent (typically a surfactant, polyelectrolyte, or
functionalized organic molecule-ligand) is employed to coat the fledgling gold core. As a
result, the AuNPs core size is typically controlled through a combination of the ratios of
ligand to gold ions, the pH, temperature, and rate of reduction.14 Essentially, an
abundance of capping agent can sufficiently coat minute gold cores, passivating them
before adequate growth has been achieved, in this way particles below ~2 nm can be
generated which do not possess an SPR and the suite of optical-electrical properties we
wish to harness.15
Surface chemistry helps dictate how the gold nanoparticle interacts with its
environment, as such the choice of capping agent is paramount when engineering
particles for a particular purpose, or certain chemical environments. For example,
polyethylene glycol (PEG) is a biocompatible class of ligand used as an excipient in the
Pfizer-BioNTech and Moderna vaccines,16 bio-compatible ligands have been
functionalized to gold nanoparticles to increase their affinity in the human circulatory
system.17 Just as Lipinski’s rule of five delineates factors such as molar mass and
hydrogen bonding for making a drug molecule orally bioavailable or to cross the bloodbrain barrier, the chemical makeup of a ligand has a profound effect on a particle’s
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spatiotemporal distribution.18 This control is what makes AuNPs an interesting prospect
for drug delivery vehicles.
Ligands or capping agents coat the gold core in a self-assembled monolayer
(SAM), for our system the driving force is the formation of the gold-sulfur bond.19
Considering this surface chemistry is what dictates the AuNPs interaction with its
environment, and its stability to some extent,20 we sought to functionalize two distinct
chemical moieties to the same gold core. These bi-functionalized, mixed ligand AuNPs
share the same gold-sulfur connectivity, however, the omega or tail-group extending
from the surface is engineered to explore different chemical characteristics. The packing
of ligands is as much a factor of size as it is the compatibility of the ligands. Steric
hinderance, hydrophobicity, hydrogen bonding, as well as van der Waals forces affect the
composition and distribution of ligands. By utilizing diverse ligands, a nanoparticle can
interact with unique chemical environments, such as solubility in different media.21
Nanoparticle Core Size Characterization.
Five nanometer gold nanoparticle solutions absorb visible light in the region of
520 nm and thus the colloidal solution appears red. Indeed, this absorbance was utilized
to color stained glass for centuries. To ascribe size and concentration to our AuNP
solutions we utilize the derived equations enumerated by Haiss et al. In their findings,
they compare theoretical modeling using multipole scattering theory compared to
experimental data gather from gold nanoparticles from 5-100 nm in diameter. It has been
noted that SPR absorption increased with size, this relationship as modeled by Haiss is
not linear (rather exponential, ex). However, the ratio of absorbance at SPR over
absorbance at 450 nm was shown to have good linearity for both commercially obtained,
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in-house synthesized, and theoretically modeled AuNPs. The graph of the natural log of
nanoparticle diameter (as confirmed by TEM) compared to the ratio of absorbances at
SPR to 450 was used to generate an equation whereby particle diameter can be
extrapolated from these two absorbances and two derived constants, B1 and B2. B1 is the
inverse of the slope of the linear fit from graph and B2 is the intercept divided by the
slope.
𝐴𝑠𝑝𝑟

𝑑 = 𝑒𝑥𝑝 (𝐵1 𝐴

450

− 𝐵2 )

Equation 1-1

Where d is the particle diameter, Aspr and A450 are absorbance values at the
surface plasmon resonance and 450 nm. B1 and B2 are values derived from theoretical
modeling, equating to 3.55 and 3.11, respectively.
This equation from Haiss et al. is a simple and fast method to determine AuNP
size from the UV/Vis spectra, though this equation is only suitable for particle below 35
nm, and values below 5 nm should serve as an approximation, since at that level of
confinement surface effects are more considerable. Additionally, the researchers
calculated molar extinction coefficient, (ε, also known as molar absorptivity) for AuNPs
2-100 nm in water. The fit generated from this data served to diagnostically determine
molar absorptivity from particle size according to the power trendline:
𝑦 = 52,601𝑥 3.0866

Equation 1-2

Where the dependent variable (y) is molar absorptivity, ε, and x is the particle’s diameter
in nanometer.
From here, the Beer-Lambert Law is invoked:
𝐴 = εcl

Equation 1-3

Where A is absorbance (unitless), epsilon is in units of Liter/mol*cm path length, l, is
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traditionally a 1 cm cuvette, and c is concentration in molarity (mole/Liter).
Dynamic Light Scattering (DLS) is an additional spectroscopic method which
describes not only the diameter of the gold core but also the ligand and hydrodynamic
sphere that surrounds. Fundamentally, the incident light is scattered by moving particles,
this scattering is not constant but changing due to Brownian (heat-stimulated) motion and
from this data intensity over time can be plotted. The hydrodynamic sphere radius, Dt,
can be solved utilizing the Stokes-Einstein equation describing diffusion of spherical
particles in a liquid. DLS can be advantageous for applications where the capping agent
layer, or other attached molecules, are important. These organic molecules on the
periphery of the gold core are not easily seen by electron microscopy because without a
conductive coating the electrons do not bounce off them to form an image.
Electron microscopy, either transmittance or scanning, is the premier technique
for determining core size of AuNPs. Gold has the advantage of being conductive, so no
carbon coating is required for imaging which may reduce or alter the perceived particle
size. Solutions of AuNPs are typically drop-cast or aerosol dried into either carbon or
copper grids for analysis. An accelerated beam of electrons is accurately aimed at the
sample, and the electrons which scatter or pass through are used to obtain an image of the
analyte, depending on what denomination of electron microscope is utilized.
Briefly, a stream of electrons is focused by means of magnetic lenses and
apertures and send towards the specimen, these electrons are accelerated by a potential
difference, generally the sample is held at a positive potential to attract negatively
charged electrons. In a scanning electron microscope (SEM), the beam is deflected
similar to cathode ray televisions to raster or sweep across the sample, and the scattered

8

electrons are analyzed. In a transmission electron microscope (TEM) the electrons which
do not hit matter are captured and imaged below the sample stage. In either case, using
the wave property of electrons allows for image amplification orders of magnitude
greater than optical microscopy. TEM images appear flat and surface topography is
sacrificed for higher resolution.
Nanoparticle surface chemistry characterization.
Diagnostic testing for the presence of these ligands is largely qualitative: Fourier
Transform Infrared Spectroscopy (FTIR) is a useful technique to ascertain the presence of
specific functional groups via the motion of certain bonds, but the response rate of
different functional groups varies dramatically. FTIR is useful to confirm the presence of
a C-N stretch, or a C-O stretch, but the area under the curve is not a quantitative
determination of the relative amount of each ligand. Similarly, Nuclear Magnetic
Resonance (NMR) is a viable technique to confirm the structure of molecules, however,
due to the paramagnetic nature of the gold core and there exists noteworthy baseline
broadening around 3.5 ppm.22
To accurately quantify the amount of each ligand on a nanoparticle, two methods
are being employed: internal standards and desorption of ligands. Like FTIR, different
species can have differing response rates in 1H-NMR, so doping with an internal standard
of known concentration and proton count can achieve greater accuracy, so long as the
characteristic peaks are separated and well defined.23 Utilizing known amounts of our
ligand precursors we generated a response factor for the diagnostic peaks.
Ligand desorption involves a chemical treatment such as potassium cyanide
(KCN) or elemental iodine to dissolve the gold core and liberate the ligand for
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quantitation, harsher methods such as aqua regia risk oxidizing and destroying the
organic materials. Based on the work of Fischer et al., we added ethanolic iodine solution
to purified AuNPs, centrifuged the material, and rotary-evaporated the supernatant.24 The
resulting material did not yield pure disulfide crystals, so an alternate in-situ method was
employed whereby minute amounts (~50mg) of fine iodine powder was added to 1mL
portions of D2O and an aliquot was added to AuNPs for 1H-NMR analysis. As the AuNPs
deteriorated, the dark red hues turned to black then an emerging turbid orange appeared.
The elemental iodine is not water soluble, however, small amounts of iodide I- are soluble
yielding an ochre-colored solution.
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CHAPTER II
LITERATURE REVIEW
The surface of gold nanoparticles is of considerable significance and is one of the
main considerations for how an AuNP (or any engineered NP) interacts with its
environment. One popular journal for nanoparticle research, Langmuir, is an homage to
Langmuir-Blodgett films; self-organized nanostructures whereby particles organize
themselves on the surface of water (at the air/water interface).25 By engineering
hydrophobic and hydrophilic regions on nanoparticle surfaces such methods have been
utilized to develop Janus particles; AuNPs with hemispherical domains expressing two
unique chemical environments.26
Janus particles, an idea introduced by Nobel laureate Pierre-Gilles de Gennes,
have two hemispheres or faces with different surfaces chemistries and thus, properties.
Functionalizing two unique chemical properties onto the same particle might allowed for
simultaneous drug delivery and imaging, greater bioavailability and more precise
targeting, and combinations of these features.
Janus particles conceptually are perfectly 50/50, in reality more intricate
morphologies exist and control over domain segregation is one area of investigation.
Hemispherical coverage of silica nanoparticles has been achieved by masking one side
with polystyrene then functionalizing the other hemisphere, inorganic synthesis has
enabled half gold half iron oxide nanoparticles, and like the Langmuir-Blodgett films
amphiphilic polymer-based synthesis have been demonstrated.27 All these methods suffer
from a rather dubious means of establishing the Janus characteristic. One salient question
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this study attempts to address is: How can we demonstrate two ligands are present in the
same monolayer?
Janus particles are only one sub-class of mixed monolayer AuNPs, however,
which encompass any NP containing more than one chemical moiety in the monolayer’s
structure. These mixed functionalities are advantageous even if 50/50, hemispherical
segregation is not achieved. The precise mixture and segregation pattern of the ligands
depend on a number of parameters related to NP synthesis, particularly temperature and
the ligand feed ratio. Synthesis strategies for mixed monolayer (also known as mixed
ligand) AuNPs include co-adsorption, ligand exchange,28 unsymmetrical disulfides as
ligands,29 or post-synthetic modifications (e.g. ‘click chemistry’).30
Two ligands, mercapto pentyl trimethyl ammonium chloride (MPTMA) and
mercapto ethoxy ethoxy ethanol (MEEE) were selected for producing robustly stable
AuNPs while having divergent physiochemical properties. MEEE is hydrophilic, with
two ether moieties and a hydroxyl tail to facilitate hydrogen bonding. Conversely,
MPTMA has a hydrocarbon chain, with a positively charged and sterically hindered
trimethyl ammonium terminus (the omega region, ω). Previous studies have
demonstrated the ability to form mixed monolayer AuNPs directly (in a single step) if the
ω-functionalities are carried by Bunte salts.31 In a Bunte salt, the traditional thiol
(mercapto) functional group is replaced by a Bunte salt (alkyl thiosulfate) which affords
greater stability against oxidation during storage and slower monolayer formation
kinetics during synthesis.31 Bunte salts have increased reagent stability because the thiols
tend to dimerize into disulfide with time, though when bound to gold the sulfur bridge is
what links ligand to gold in either case.
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The specific area of research we are interested in is the composition of the
monolayer when comprised of these two ligands, MEEE and MPTMA. Previous
research29 has shown the ratio of feedstock ligands does not necessarily reflect what is
observed in the monolayer, but quantifying the ratio of ligands on mixed ligand,
multifunctional AuNPs is a challenge.24 FTIR and 1H-NMR spectroscopies are
commonly used to qualitatively determine the presence of mixed ligands, but differing
response rates for divergent functional groups and significant baseline broadening make
these methods make quantitation a challenge. Zhou et al.32 developed a method to
quantify FTIR absorbance of bi-functionalized AuNPs, bearing two amide-containing
ligands. The carbonyl absorbance of each amide was normalized to the same value to
compare ligand loading on the AuNP surface, these values were in good agreement with
the mass spectroscopy analysis on these same particles via HPLC/MS/UV/CLND.
Other methods, such as Inductively Coupled Plasma Mass Spectrometry (ICPMS) have been used to investigate the packing density of ligands in the monolayer of
AuNPs.33 Hinterwirth et al. investigated PEG and alkane based carboxylic acid ligands,
but not simultaneously. Packing density may be sufficient to quantitatively determine
ligand surface coverage, but the ratio of gold to sulfur does little to elucidate the ratio of
multiple ligand species.
Several groups have attempted to desorb or otherwise liberate ligands from the
gold core by chemical means. In some cases, competing ligand molecules such as
dithiothreitol (DTT) were employed to desorb ligands, however, researchers found DTT
does not completely desorb ligands and efficacy changes with chemical environment
such as pH.34 Cyanide had traditionally been used in gold mining, refinement, and plating
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applications as it dissolved gold into a solution of AuCN, however, this would only be
applicable for alkaline environments, as HCN(g) is generated if acidic protons are
available.
In 2001 the Murray group utilized iodine to form disulfide ligand desorption
products, which were analyzed via 1H-NMR.29 Similarly, the Fisher group in 2015
utilized ethanolic iodine to desorb mixed ligands and form mixed disulfides which were
analyzed via GC/MS/MS.24 Perera et al. photo catalytically produced IO3- from
potassium iodide (KI) which was shown to reduce SERS signal amplification upon
addition to AuNPs.6
In this study, we investigated the ratio of functionalized thiols present in the
ligand shell of 5 nm gold nanoparticles stabilized with a mixture of ω-functionalized
thiols using an internal standard 1H-NMR spectroscopy experiment both on purified
AuNPs and on the AuNP solution following iodine digestion. The nanoparticles under
study were 5 nm AuNPs stabilized with a mixed monolayer of MEEE and MPTMA.
Specifically, this study has established that the relationship between the stoichiometry of
the functionalized ligand precursors used in the nanoparticle synthesis and the molar ratio
of the ligands that binds to the synthesized AuNP surface is not identical. The ratio of
ligands present on the nanoparticle surface was determined by comparing the integration
of specific proton resonances on the AuNP surface.
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CHAPTER III
EXPERIMENTAL
Synthesis of mercapto pentyl trimethyl ammonium chloride (MPTMA) and mercapto
ethoxy ethoxy ethanol (MEEE) Bunte salt analogs.
The ligand precursors (ω-functionalized sodium alkyl thiosulfates, Bunte salts)
were synthesized from the alkyl halide precursors [(5-Bromopentyl)trimethyl ammonium
bromide (Sigma-Aldrich, 97%), and 2-[2-(2-Chloroethoxy)ethoxy]ethanol) [SigmaAldrich, 96%], and sodium thiosulfate (Sigma-Aldrich, 99%) according to previously
published methods.31 In a typical synthesis (2 gram scale), the chosen alkyl halide was
combined with a 0.80 molar ratio of sodium thiosulfate. These reagents, dissolved in a
50:50 mixture of milli-Q water and absolute ethanol (100 mL total volume) were added
to a 500 mL round bottom flask and heated with stirring under reflux for eight hours.

Figure 3-1: Reaction scheme for MEEE Bunte salt production.

After the solution had cooled, rotary evaporation was performed to remove the
water and ethanol solvent. The resulting oil was opaque due to remaining salt. After
vacuum drying, a 1H-NMR sample was acquired, which confirmed the presence of
unreacted reagents, so a purification was performed. To the round bottom flask of crude
Bunte salt product was added three 20 mL aliquots of absolute ethanol. This ethanol and
salt slurry was poured through fluted filter paper into a clean round bottom flask. After
rotary evaporation and drying under vacuum, the purified MEEE Bunte salt oil was
15

viscous and clear. A typical percent yield for the 2-gram scale synthesis of the MEEE
Bunte salt was 73%.
The purified ligand precursors (ω-functionalized Bunte salts) were characterized
via 1H-NMR spectroscopy. Additionally, the ligand precursors were analyzed via FTIR
utilizing a KBr pellet press.
AuNP Synthesis.
Tetrachloroauric acid hydrate (HAuCl4•3H2O, Sigma-Aldrich, 99.7%) and
sodium borohydride (NaBH4, Sigma-Aldrich, ≥ 98.0%) were obtained and used as
received. Aqueous solutions of 10 mM HAuCl4, MPTMA and MEEE Bunte salts, and
NaBH4 were prepared prior to synthesis. A 1.00 M aqueous sodium hydroxide (NaOH)
solution was also prepared. The sodium borohydride solutions were prepared by serial
dilution and kept in an ice slurry to avoid excess hydrolysis.
The order of reagent addition is critical for appropriate size control and
reproducibility. Ligand precursors need to be added to the gold solution before the
addition of borohydride reducing agent. Similarly, if the MPTMA precursor was added to
the reaction mixture before the gold salt, an orange semisolid/gel precipitate would result.
Based on the work of Elliot et al. both gold and borohydride solutions were pH-adjusted
with 1.00 M NaOH to control particle size.35
The molar ratio of reagents used was five parts gold to two parts reducing agent to
one part ligand. A typical trial mixture would be 7.5 mL 0.01 M HAuCL4, 1.5 mL 0.01 M
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Ligand, and 3.0 mL 0.01 M borohydride in a 50 mL centrifuge tube (Figure 3-2).

Figure 3-2: AuNP synthesis for small batch conditions.

Using a peristaltic pump and tangential flow filtration (TFF) Pall Minimate™ 10
kiloDalton cassettes, sample solutions were allowed to purify for 12 volume pass
throughs.15 For example, if the sample volume was 50 mL the filtration proceeded until
the permeate totaled 600 mL. This filtration facilitated the removal of 1) unreacted or
excess starting material, 2) nanoparticles below the threshold pore size, and 3) unwanted
microscale gold crystals such as plating or micro-wires thought to be caught in the
polyethersulfone (PES) filter material. Once particle solutions were concentrated by TFF
to 20-30mL they appeared black as ink.
AuNP Size Characterization by Absorbance Spectroscopy.
AuNP core sizes were determined by UV/Vis absorbance spectroscopy using an
Agilent/HP 8453 diode array spectrophotometer. The purified particle solutions were
scanned from 400-900 nm, and then an average core size was determined using the
method of Haiss et al. (Equation 1-1).3
TEM Imaging of AuNP Samples.
AuNP solutions were drop-cast onto copper TEM grids for electron microscopy.
With the collaboration of the University of Oregon’s CAMCOR nanomaterials imaging
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facility, a Thermo FEI Tecnai G2 transmission electron microscope, operating at 300 kV
was utilized to image particles. Electron microscope images were analyzed via NIH
ImageJ, an open-sourced software. Briefly, images were first calibrated with a scale of
known length (100 nm) which allows for conversion between pixels and nm. Images
were brightness corrected to distinguish field from sample, a Gaussian blur was applied,
then image thresholding was performed to select between background and analyte. This
background was converted to a mask, and water shedding was performed to separate
overlain particles. All particle sizes and aspect ratios were counted, particles were fit to
ellipse and Feret’s diameter was selected to display diameter.
Once a statistically representative sample of particles have been acquired, the
particle sizes are plotted as a histogram. This particle diameter (determined by TEM) was
compared with the dcore obtained from UV/Vis absorbance spectroscopy.
DLS Analysis of NP Hydrodynamic Diameter.
Dilute (~10-8 Molar) solutions of AuNPs were analyzed via Malvern Mastersizer
3000 set to ten seconds of continuous scanning. Five scans were recorded and the average
diameter for the 50th percentile was considered for hydrodynamic sphere diameter.
1

H-NMR Spectroscopy Analysis of AuNP Surface Chemistry.
Concentrated AuNP solutions were transferred to microcentrifuge tubes in 1.0 mL

aliquots for lyophilization. Microcentrifuge tubes had a pin hole punctured in the lid to
facilitate sublimation of water, and the AuNP solutions were frozen on dry ice while the
lyophilizer (VirTis Freezemobile 8SL) pumped down to the necessary vacuum (<200
mTorr). Lyophilization was allowed to occur for 24 hours, the result of which was black
powder with occasional gold plating in the microcentrifuge tubes.
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After lyophilization, one aliquot of particles would be re-suspended in milli-Q
water and assessed via UV/Vis spectroscopy to determine whether the AuNPs were still
stable and un-aggregated following the freeze-drying process. Excess gold plating or grey
reconstituted solutions depicted particles not amenable to the lyophilization process.
From here, the AuNP powder was re-suspended in deuterium oxide (D2O) for 1H-NMR
spectroscopy analysis. Samples were characterized using a Bruker Alpha 400 MHz
nuclear magnetic resonance spectrometer. TopSpin 4.1.1 software was utilized for data
processing, all samples had residual H2O peaks calibrated to 4.79 ppm.
AuNP Surface Characterization by FTIR Analysis.
FTIR spectra of purified AuNP samples were used to further confirm the
functional group composition of the MPTMA, MEEE, and mixed ligand AuNPs. FTIR
spectra of the particle samples were obtained using a variety of different sample
preparation methods, including drop-casting onto salt plates, pressing AuNP samples into
KBR pellets, and ATR-FTIR analysis of particle solutions and powders.
AuNP Digestion Using I2 in D2O.
Filtered, lyophilized particles were re-suspended in D2O to which elemental
iodine was added to etch the gold core and liberate the ligands. 1H-NMR spectra (400
MHz) were taken at regular intervals with adequate mixing to ensure thorough reaction of
the AuNPs and iodine. UV/Vis absorbance was also performed to understand the time
scale necessary for digestion of the AuNP gold core.
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CHAPTER IV
RESULTS AND DISCUSSION
AuNP Size Characterization
AuNP size was determined using multiple instrumental techniques: absorbance
spectroscopy, electron microscopy, and dynamic light scattering. The size data obtained
form each technique was compared to give an overall picture of the AuNP size.
Specifically, absorbance spectroscopy and electron microscopy were used in tandem to
determine the diameter of the AuNP core (dcore) and dynamic light scattering was used to
determine the hydrodynamic diameter (Dh) of the AuNPs in aqueous solution. The UVvis absorbance spectra of all three AuNP surface chemistries (MEEE, MPTMA, and
mixed-ligand) are shown in Figure 4-1.
Absorbance MEEE

Absorbance MPTMA

Absorbance Mixed ligand

1.4

Absorbance (a.u.)

1.2
1
0.8
0.6
0.4
0.2
0
400

450

500

550

600

650

700

750

800

Wavelength (nm)

Figure 4-1: UV/Vis absorbance spectra of AuNP solutions at varying concentrations dispersed in
Milli-Q water.
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Table 4-1: Absorbance spectroscopy data pertaining to purified AuNP solutions.
AuNP Surface Chemistry

Λspr = λmax (nm)

Dcore (nm)

MEEE

510

3.17

MPTMA

520

7.78

Mixed

526

6.16

The particles in Figure 4-1 were sized according to the Haiss model (equation 11). After filtration the sizes generally increased due to small particles being removed in
the permeate, and the distribution of sizes was more uniform, as indicated by a smaller
standard deviation. The mixed ligand particles were comprised of 10% MEEE and 90%
MPTMA by mole. It is also important to note these absorbance values were acquired
from diluted solutions, typically a 1:10 dilution by adding a 60 µL aliquot AuNP solution
to 540 µL of Milli-Q water. The DLS data from the particle samples is presented in Table
4-2.
Table 4-2: DLS data for three AuNP solutions, MEEE was too dilute to measure.

Sample

MPTMA

MEEE

Mixed ligand

Dx 50 Mean (nm)

19.6 ± 3.1

--

11.9 ± 9.3

Relative Standard
Deviation (%)

16

--

78

-- Indicates that the particle diameter was too small (or too dilute) to measure using the
light scattering system. [AuNP] = 5x10-8 M.

Five trials were taken and averaged, the Dx 50 is the 50% percentile particle
diameter. The hydrodynamic diameter provided by DLS represents the diameter of the
core, ligand shell, and any closely associated water molecules or ions. Generally, the
DLS hydrodynamic diameter should be the diameter of the core plus two times the length
of the ligand. The measured Dh appear reasonable, from UV/Vis we believe the MEEE
particles to be the smallest in diameter, TEM data displays both the minute size and low
21

concentration, both of which are reasons the DLS might not acquire adequate signal from
these AuNPs. In general, hydrodynamic sphere should be the core diameter plus the
length of the ligands (~2 nm each) on either side. MPTMA appears larger than the core
diameter as described by the UV/Vis model, this additional size could be due to the
counter ions and water of solvation surrounding the trimethyl ammonium headgroup.
Mixed ligand particles maintain a hydrodynamic diameter that more closely resemble the
expected value.
TEM images were analyzed as previously described to provide an additional
measurement for the particle core diameter. Particle diameters were determined from the
electron micrographs using the freeware imaging program ImageJ. Of the particles
imaged by the software, particles with a circularity from 0.7-1.0 were considered and any
masks with a diameter < 1nm were excluded, as more likely than not it was simply
masked grain from the electron microscopy grid. Representative TEM images of each of
the AuNPs studies are presented in Figure 4-2. Size distribution histograms for each
AuNP studies are shown in Figure 4-3.

Figure 4-2: TEM micrographs of a) MPTMA, b) mixed ligand, and c) MEEE AuNPs.
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Figure 4-3: Core diameter distribution of a) MPTMA AuNPs (dcore = 8.4 ± 3.3 nm, n = 671), b)
mixed ligand AuNPs (dcore = 9.0 ± 2.9 nm, n = 535), and c) MEEE AuNPs, (dcore = 4.6 ± 1.5 nm, n
= 45).

TEM images offer insight beyond mere core diameter. The darker lines in figure
4-2b specifically indicate polycrystalline material, ‘twinning’ of two crystal lattices
meeting. These planes diffract more strongly. Additionally, we can see the polymorphism
of core geometry and dispersity of the particles when drying from solution. MPTMA
AuNPs appear to have aggregated the most, which would be counter-intuitive in solution,
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however, when solvent evaporates these counter ions are brought together
electrostatically. The mixed ligand particles also appear to have less circularity compared
to pure MPTMA or MEEE AuNPs. There are a variety of considerations for less growth
passivation, the kinetics of the ligand adsorption, as well as ligand cohesion and
intermolecular order.
Overall core size and trend was in good agreement between the three methods.
The absorbance spectra of mixed ligand particles maintained the highest SPR, however,
the equation could have been skewed by a broader plasmon peak. TEM micrographs
confirm mixed ligand AuNPs are larger on average, though a significant percentage exist
below the average core diameter of MPTMA AuNPs. One additional reason the MPTMA
AuNP hydrodynamic diameter may be greater than anticipated is due to the increased
scattering from large particles, which are evident in the TEM histogram, this may bias the
average Dh.
AuNP Surface Characterization
AuNP surface chemistry was characterized using ATR-FTIR, but this and other
FTIR methods produced mixed results in spectral quality. Representative FTIR spectra
for each purified AuNP are presented in Figure 4-4.
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Figure 4-4: FTIR spectra of a) MPTMA AuNPs, b) MEEE AuNPs, and c) mixed ligand AuNPs.
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The FTIR spectra shown here do show the requisite diagnostic peaks for each
AuNP surface chemistry and suggest that the MPTMA and MEE ligands have been
effectively mixed on the AuNP surface. FTIR display aliphatic N-CH3 stretch for
MPTMA AuNPs around 2800 cm-1, and C-N stretch at 1057 cm-1. MEEE AuNPs show a
strong, broad O-H absorbance centered just below 3400 cm-1 and C-O stretch near 1060
cm-1. Mixed ligand particles display a stronger, broad absorbance centered at 3100 cm-1
(presumable aliphatic CH3 and O-H stretching superimposed), a medium absorbance at
1600 cm-1 and a small absorbance at 1065 cm-1 corresponding to the C-O stretch. These
full-sized spectra as well as FTIR spectra of the alkyl halide starting materials are
provided in the appendix.
The expected AuNP surface chemistries were confirmed by 1H-NMR
Spectroscopy at 400 MHz in D2O. First, alkyl halide starting materials (Appendix S-1
through S-4) were analyzed to determine diagnostic peaks. These peaks were used in all
further studies to quantify the ratio of MPTMA to MEEE in the mixed ligand particles.
For MPTMA, a sharp, strong singlet at 3.15ppm, corresponding to nine protons in the
trimethyl ammonium ω-functionality. MEEE displays a triplet (integrating for two
protons) corresponding to the methylene alpha to the hydroxyl group (ω-functionality)
which is downfield at 3.88 ppm. The 1H-NMR spectra of the purified AuNP solutions are
show in Figure 4-5.
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Figure 4-5: Stacked 1H-NMR spectra of MEEE AuNPs (blue, 512 scans), MPTMA AuNPs
(green, 16 scans), and mixed ligand AuNPs (red, 256 scans). Note the acetone peak below 2.0
ppm in the mixed ligand and MPTMA particles.

With increased scans came better resolution, however, even these spectra had
large baseline broadening around 3.5 ppm due to the gold core and the signal to noise
ratio was less than desirable.15 Many of the features were aligning with the precursor
spectra as supported by the chemical shifts, but the multiplicity was unclear. One striking
aspect is that the mixed ligand AuNPs showed a strong resemblance for MEEE ligand
spectra, despite being nominally only 10 percent MEEE by mole (according to the
synthesis conditions).
The MPTMA Bunte salt ligand precursor is expected to have a 2H multiplet near
3.4 ppm, a strong 9H singlet around 3.2 ppm, 2H triplet at 2.8 ppm, 4H multiplet at 1.85
ppm, and a 2H quintet around 1.5 ppm. In total MPTMA has 19 resolvable hydrogens.
The 1H-NMR spectrum of the MPTMA Bunte salt is provided in the Appendix.
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The MEEE Bunte salt ligand precursor is characterized by a 2H triplet around 3.9
ppm, 6H multiplet around 3.8 ppm, a 2H multiplet around 3.7 ppm, a 2H triplet around
3.3 ppm. In total, MEEE has 12 resolvable hydrogens, the hydroxyl hydrogen is
exchangeable with the solvent and not seen. The 1H-NMR spectrum of the MEEE Bunte
salt is provided in the Appendix.
The diagnostic signals identified in the 1H-NMR spectrum of the mixed ligand
AuNPs were integrated and when the 3.2 ppm trimethyl ammonium signal was set to 9
protons the further downfield signal, the 3.9 ppm 2H multiplet integrated for 4.9, a far
over-representation based on a 9:2 proton ratio and a 90:10 molar ratio. A triplicate was
performed, the signals were integrated keeping the spread between chemical shifts
consistent, resulting in 60.22 ± 5.60% MEEE. A representative sample is included in
Figure 4-6.
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Figure 4-6: 1H-NMR (400 MHz, D2O) spectrum of mixed ligand particles, 256 scans.
Integration values are indicated in red on the spectrum.

We believed that inter-chain or intramolecular forces may explain the divergence
in surface chemistry. MPTMA is charged and sterically hindered, so this might lead to
looser than expected ligand packing. Several papers19,36 addressed the specific motifs of
binding such three-fold hollow sites and staple motifs, perhaps there were defect sites due
to the mixture of ligands. Additionally, there might be a response difference between the
two ligands due to one being further away from the gold core, or simple a response factor
between how the instrument detects these two analytes.
To address the possibility that the signal observed was not perfectly related to the
molar ratios of the ligands on the AuNP surface, two additional studies were undertaken.
The first was to analyze known amounts of the two ligands (or an analogue, the two
ligand precursors) to determine if there was an unequal 1H-NMR response from these two
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analytes (a response factor, F was determined). Secondly, a method of liberating these
ligand particles from the gold core was explored in order to better resolve the 1H-NMR
AuNP signals.
Determination of a 1H-NMR Response Factor MEEE: MPTMA.
An investigation of the response factor between the two ligands was undertaken
using the alkyl halide starting material used in the Bunte salt ligand precursor synthesis.
The Bunte salts themselves were made in small batches, making them difficult to purify,
whereas the alkyl halide starting materials (chloro-ethoxy-ethoxy-ethanol and 5-bromopentyl-trimethyl ammonium bromide) had commercially determined purity of >95%. A
known amount of each material was removed (weighing by difference), 30.8 mg of (5Bromopentyl) trimethyl ammonium bromide corresponding to 102.6 μmole and 33.1 mg
of 2-[2-(2-Chloroethoxy) ethoxy]ethanol) corresponding to 123.5μmole was dissolved in
D2O in a 1.00 mL volumetric flask. A response factor using the two diagnostic peaks was
generated according to the equation:
𝐴𝑥
[𝑥]

𝐴

= 𝐹 ∗ [𝑆]𝑠

Equation 4-1

Here A is the integrated area of the absorbance peak, x is MEEE, and S is MPTMA. A
triplicate sampling was performed, and the response factor was found to be 1.40 ± 0.01
(0.71% RSD).
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Figure 4-7: Representative 1H-NMR spectrum (400 MHz, D2O) of mixed alkyl halide starting
materials, 64 scans, used in the response factor determination.

This internal standard analysis suggests that the NMR may respond in such a way
as to over-represent the MEEE present on the AuNP surface. Reconsidering our previous
mixed ligand AuNP triplicate, we apply this response factor and divide all MEEE signal
by F resulting in a percent composition of 51.95 ± 2.93% (5.64% RSD) MEEE in a
mixed ligand particle which ought to be 10% MEEE according to the synthesis
conditions. The response factor alone doesn’t adequately explain the discrepancy
between the observed ligand ratio based on the integration of the particle spectrum.
Digestion of AuNPs with Iodine Followed by 1H-NMR Analysis.
To better determine the ratio of MEEE:MPTMA on the AuNPs surface, while
minimizing the signal distortion related to the gold core, AuNPs were digested with
molecular iodine in D2O to liberate the ligands. The resulting integration of the diagnostic
peaks were compared to establish the ligand ratio. Previously, the Fischer group utilized
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ethanol to dissolve iodine, however, our previous 1H-NMR data all used D2O as solvent,
since the particle surface chemistries are largely hydrophilic. Ethanol does dissolve I2
considerably better than D2O, however, we did not want to add more potentially
overlapping signal to our spectra and change the chemical shifts due to solvent effects.
Initially, a small crystal of elemental iodine was added to an NMR tube of AuNPs,
however, this was found to be in great excess. Potentially, the size of the crystal would
have different results, and the considerable dregs of the iodine sludge was thought to
cause some interference.
An improved method was to add ~50 mg of finely divided I2 powder to a
volumetric flask with 1 mL of D2O. The iodine itself was not particularly soluble,
however, the triiodide species I3- was as evidenced by the solution taking on a yellow
hue. A baseline was established for each AuNP solution prior to the addition of an aliquot
~0.5 mL of this I2/D2O solution, then spectra were taken every 15 minutes. Between
sampling, the NMR tube was inverted and vortexed twice, to ensure even mixing of the
iodine with the AuNPs. Upon addition of the iodine, AuNP solutions changed from
displaying red hues at the periphery to black, having no tint of color, then an ochrecolored precipitate formed, a representative UV/Vis absorbance spectrum is included
(Figure 4-8). A dense, black powder also formed on the bottom, thought to be excess
metallic gold. The final spectrum was taken after sitting for one hour, no mixing was
performed as this might re-suspend deleterious gold or iodine particles and hinder the
clarity of the spectrum. Additional scans were performed on the same NMR tubes days
later to assess how the spectrum may have changed with time. The appendix has timeresolved iodine digestion spectra for each denomination of AuNP. After 15 minutes the
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1

H-NMR spectra are more legible, with the removal of characteristic baseline broadening

(Figure 4-9).

Figure 4-8: UV/Vis absorbance spectra of AuNP solutions following addition of iodine. Note an
“immediate” removal of the plasmon absorbance and growth of gold-iodide absorbances.
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Figure 4-9: 1H-NMR (400 MHz, D2O) stacked spectra of I2 digested AuNPs: MPTMA (blue),
MEEE (red), and mixed ligand (green), 16 scans.

The etching of the AuNP gold core suggests that the ratio of mixed ligands
maintains more MEEE than its proportion of the molar ratio, as depicted in Figure 4-10.
After correcting with the response factor, MEEE ligand comprises 63.66 ± 0.45% (0.71%
RSD) of the ligands liberated by iodine digestion.
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Figure 4-10: Mixed ligand 1H-NMR spectrum (400 MHz, D2O) after 5 days of reaction, 128
scans.
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CHAPTER V
CONCLUSION
Mixed ligand particles were successfully synthesized near the intended size range.
The combination of 10 percent MEEE and 90 percent MPTMA by mole yielded stable
particles which lyophilized and re-suspended well, whereas the purely MEEE
functionalized were often not viable after lyophilization. Preliminary surface
characterization displayed functional groups from both ligands, confirmed by 1H-NMR
spectroscopy. We knew from the size of particles generated purely by MEEE
functionalization that MEEE was a ligand with high affinity and suspected high surface
coverage. On the contrary, MPTMA having a charged, sterically hindered ω-functionality
stands to reason packing density might be more spacious than other ligands. Initial 1HNMR spectra were intriguing because the three MEEE peaks were displayed quite
prominently, in an AuNP spectra that was otherwise noisy and maintained characteristic
baseline broadening. The response factor experiment displayed a clear preference for
reporting MEEE, whether on a nanoparticle or in solution. Attempts to digest mixed
ligand AuNPs and isolate the disulfides were unsuccessful, however, an in-situ method of
digestion proved most effective, after refining from a large iodine crystal of variable size
to a more reproducible aliquot of I2/D2O. The 1H-NMR ligand signals became clearer and
more prominent in short time, in fact the longer durations formed by-products (perhaps
disulfides) with new peaks and altered chemical shifts. Through multiple refinements in
accuracy MEEE is indeed over-represented in the mixed ligand particle’s monolayer,
roughly six times overrepresented compared to the reaction conditions.
Further studies included preliminary investigation via iodine digestion of mixed
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MEEE/MHA particles (where MHA is mercapto hexadecanoic acid, a carboxylic acid ωfunctionality) to determine if this too showed a preference for MEEE, or if the
monolayer’s composition was synonymous with the reagent stoichiometry. A response
factor has yet to be generated for this mixture of ligands; however, the preliminary 1HNMR spectra are similarly improved by I2/D2O.
If time allowed I should have liked to compare the results of mixed Bunte salt
AuNP synthesis to that of their respective disulfides, however, material on converting
Bunte salts to disulfides was sparce and seems less spontaneous that thiol dimerization.
The intent was to generate a battery of mixed ligand particles, however, microscale synthesis showed only ratios in excess (e.g. 80/20 and greater) formed particles, and
larger scale trials were met with considerable gold plating.
Another method considered for quantitative determination of ligands, specifically
carboxylic acid ω-functionality, was titration. I think, given the right ligands, this method
should prove interesting, and I am curious to see how the AuNP solutions behave under
changing pH.
The investigations here are but a small step, but I anticipate a great many useful
applications for mixed ligand AuNPs and would love to see how the arrangement or
domains of ligands in the monolayer might be tailored. Electron microscopy seems
insufficient to model the particle’s surface, perhaps atomic force microscopy on a
Langmuir-Blodgett film of mixed ligand AuNPs will give insights into the surface
morphology soon.
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APPENDIX: Supplementary FTIR and NMR Spectra

Figure A-1: 2-[2-(2-Chloroethoxy) ethoxy] ethanol) FTIR spectra.

Figure A-2: 2-[2-(2-Chloroethoxy) ethoxy] ethanol) FTIR spectra, fingerprint region.
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Figure A-3: (5-Bromopentyl) trimethyl ammonium bromide FTIR spectra.

Figure A-4: (5-Bromopentyl) trimethyl ammonium bromide FTIR spectra, fingerprint region.

44

Figure A-5: MPTMA AuNP FTIR spectra.

Figure A-6: Mixed ligand AuNP FTIR spectra.
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Figure A-7: MEEE AuNP FTIR spectra.

Figure A-8: MPTMA AuNP 1H-NMR I2 digest stacked spectra. Baseline = blue, 5minutes = red,
10 minutes = green, and 15 minutes = purple trace, all 16 scans.
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Figure A-9: MEEE AuNP 1H-NMR I2 digest stacked spectra. Baseline = blue, 15 minutes = red,
30 minutes = green, and 60 min = purple trace, all 16 scans.

Figure A-10: Mixed ligand AuNP 1H-NMR I2 digest stacked spectra. Baseline = blue, 15 minutes
= red, 30 minutes = green, and 5 days = purple trace, 16 scans.
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